
Time-resolved-photoluminescence spectra of MnO and MnS

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1994 J. Phys.: Condens. Matter 6 7317

(http://iopscience.iop.org/0953-8984/6/36/014)

Download details:

IP Address: 171.66.16.151

The article was downloaded on 12/05/2010 at 20:28

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/6/36
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


1. Phys.: Candens. Matter 6 (1994) 7317-7327. Printed in the UK 
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Abstract. We have studied the time evolution of the photoluminescence specm of MnO and 
MnS at different temperatures. In MnO crystzs. of the two emission bands A and B, the broad 
band A observed ar the high-energy side under steady-state measurement conditions consists of 
two broad bands A' and A" differing in their transient properties. A' is lhe fastestdecaying 
band. Each band A' and A" is accompanied at low temperature by a set of narrow sidebands. 
The emitting levels of the A' and A" bands are thermally depopulated via a level lying about 
130 em-' higher. The A' and A" emissions rue assigned to Mn ions unperturbed and perturbed 
by impurities, respectively. The broad band B observed on the low-energy side grows to the 
detriment of emission A' and A" with increasing tempemrum It is tentatively assigned to MnZC 
perturbed by Mn ions with higher valence. The results on MnS powder show similarities with 
those of MnO. but they are aec ted  by some surface effects. 

1. Introduction 

Since 1990, we have reported the spin-wave-assisted-photoluminescence spectra in the 
simplest antiferromagnetic compounds, MnO (Mochizuki et al 1990, 1992) and MnS 
(Mochizuki 1990, Mochizuki and Takayama 1991). It was found that the photoluminescence 
spectra measured at nearly-steady-state conditions and their temperature dependences are 
very similar. In both compounds, the spectra consist of two emission bands, the A band 
(MnO, 1.71 eV; MnS, 1.64 eV; at 40 K) and the B band (MnO, 1.25 eV; MnS, 1.44 eV; at 
40 K), with large Stokes shifts and with respect to the absorption-band maxima (0.37 eV 
at 77 K for MnO and 0.43 eV for MnS in the range 5-40 K). At low temperahtres, only 
the A band is observed and, with increasing temperature, the B band begins to grow at the 
expense of the A band. However, surprisingly enough, some of the as-grown crystals of 
MnO show only the B-band emission at 77 K. The A band in MnO aid MnS is assigned 
to the 4T~,-6A1, uansition of MnZ+ ions. The complete disappearance of the A band at the 
NLel temperature and the drop in the B-band intensity prove that they are closely related to 
the magnetic ordering of Mn2+ spins. 

In the present paper new experimental data, i.e. low-temperature photoluminescence 
measured with time resolution on MnO and MnS will be described. Some of these 
observations are in good agreement with previously reported results on concentrated Mnz' 
antiferromagnets. In contrast other observations do not fit the models generally accepted in 
the literature. 
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2. Experimental details 

The MnO single crystals used in the present experiments were one as-grown crystal that 
showed the one-band-type emission, and one crystal annealed in a 10% Hz-904b AI 
atmosphere at 1273 K such annealing yields fully reduced MnO. The MnS specimen 
used in the present experiments was compacted MnS powder and contains Si (0.009%), 
Ni (0.0034). Ca (less than 0.001%). Cu (O.OOl%), Ag (less than 0.001%) and Mg (less 

A dye laser (Jobin-Yvon LAOIIEIT) pumped by a pulsed Nz laser (Jobin-Yvon LAOlS) 
was used as excitation source. The spectra were recorded with the monochromator of 
a Cary- I4 spectrophotometer equipped with a photomultiplier (Hamamatsu R2658). The 
information was extracted via a digital oscilloscope (Tektronix 2430) coupled to a 16-bit 
computer (BFM 187). In this set-up, the time evolution of the emission was recorded for 
each pulse. The emitted intensity was numerically integrated for a chosen gate after a given 
delay time with respect to the pulse. By programming the data collection as a function of 
the spectromcter scanning, the time-resolved emission spectra for various intcpt ion gates 
were simultaneously recorded. In order to appreciate the time effect, the spectra will be 
presented after normalization to maximum value, although their overall intensity decreases 
as time elapses. The steady-state emission spectra under Ar-ion-laser excitation (488 nm 
line) and the absorption spectra were calibrated on the same monochromator (Jobin-Yvon 
H-20 w). 

The spechal response of the optical system, including the focusing lens, was carefully 
measured using a calibrated quartz-halogen lamp and was used to correct the raw data. 

The temperature variation was achieved using an He-gas-Row-type cryostat system 
(SMC-TBT) in which a Pt resistor and a C resistor (Lakeshore Cryotronics Inc. CGR- 
1-2000) were used for temperature (7') determination above and below 80 K, respectively. 

than O.OOl%). 

3. Results 

The raw emission spectra ],(A) were recorded versus wavelength A at constant slit width. 
After correction for the spectral response of the apparatus FO.), they were converted to 
the energy E scale, following I ( E )  = (h2/hc)Ir(h) /F(A).  As may be seen in the figures 
hereafter the cut-off of our apparatus (actually that of the photomultiplier) is about 1.3 eV. 
The shape of the band B on its low-energy side is affected to some extent by the very low 
sensitivity in this region. Despite this, the observations on the time evolutions of the two 
bands remain correct. 

3.1. MnO 
Figure 1 exhibits the spectra at 7 K for the annealed MnO. The emission is made up of 
a broad asymmetrical band (band A) with narrow high-energy side bands. The decay is 
nearly exponential with a lifetime of 375 ps and a very weak time-resolution effect appears 
in the sideband region. 

The general trends of the emission when the temperature increases are as follows: 

(i) The vanishing of the side-band peaks and the appearance of time evolution within 
the A band. The band shifts towards lower energies when the observation time increases 
and also when the temperature increases. These changes occur in the temperature range 
30-90 K, that is, in the same range that the shift of the band maximum observed under 
steady-state excitation (figure 2 of Mochizuki er al (1992)). 
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Figure 1. Emission spectra at 7 K in MnO under 21 030 cm-’ excitntion: full line (1). annealed 
sample: dotted tine (‘2). asgrown sample. Inset, the conesponding decay cun’es 

(ii) The relative increase of a second band B: the intensity at peak position of band B 
becomes superior to that of band A above 80 K. 

The time-resolved spectra recorded at 50 K (figure 2) give an example of the evolutions 
in the temperature range 30-90 K. The shih of the different traces may be understood by 
considering the decay curves observed near the maximum (1.75 eV, point @ on the figure), 
on the lower-energy side (1.67 eV, CY). and on the high-energy side (1.82 eV, y ) .  At low 
energy the decay is nearly exponential, whereas the other two curves are markedly non- 
exponential. The weight of the faster component increases with the monitoring frequency. 

P 

Figure 2. limemsolved emission spectra at 50 K for annealed MnO under 21 030 cn-‘ 
excitakion. Delays md gates in microseconds are I and 3 (spectrum I), 4 and 4 (spectrum 
2). 15 and 18 (spectrum 3). Inset, decay profiles observed at CI = 1.67 eV, +4 = 1.75 eV and 
y = 1.82 eV. 
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F i y r e  3. Tune-resolved emission spatra at 88 K in the annealed MOO I ger 21 030 cn 
excitation. Delays and gales in microsecands are 20 and 20 (spectrum I), 35 3 49 (spectrum 
78 and 89 (spectrum 3). 156 and 156 (spectrum 4). Insel, decay curves observed at d = I .35 
p = 1.576 eV and y = 1.675 eV. The sharp band appearing at about 1.3 eV in spectrum 
due to the second-order diffraction of the excitation line. 

The traces in figure 3 are the time-resolved spectra at 88 K. The shift of the A band 
is explained as above by the weight of the fast component on the high-frequency edge. 
Considering the decay curves shown in the inset, the evolution of the relative intensities is 
well described. The lifetimes are 67 ps for band B (exponential decay), and 140 ps for the 
slow component of the A band, but the fast component governs the decay of the A band 
during the first 10 ps. Two kinds of behaviour are thus observed: in the range 0-120 ps, 
band A decreases faster than B, whereas at longer times the reverse occurs. These decays 
cause the 'up and down' evolution of the B-band intensity with respect to band A in the 
spectra 1 4  in figure 3, each one being normalized at the A-band maximum. Approaching 
the N6el temperature, the B band becomes prominant with respect to band A. 

The observation of the as-grown MnO crystal at 7 K gives similar results: a broad band 
A, narrow side bands, and very weak time resolution, but the entire emission intensity is 
greatly reduced with respect to that of the annealed specimens as shown by considering 
the signaunoise ratios in figure 1. The decay at 7 K is nearly exponential: the lifetime is 
290 ps, shorter than that in the heat-treated crystal. 

At higher temperature, the observations on the as-grown crystal are qualitatively 
analogous to those reported for the heat-treated MnO. Besides the shift of the A band, 
with increasing temperature and with increasing delay after the excitation pulse, the spectra 
are characterized by the variation in A/B ratio (see figure 4). In this specimen, although 
the A emission was never seen under steady-state conditions, it is also present but can 
be detected only at very short delays after the excitation pulse. Simultaneously with the 
shortened lifetime, the maximum frequency of the A band is higher in the as-grown sample 
(about 1.70 eV at 85 K versus 1.62 eV in the heat-treated specimen). At a given temperature 
the A/B intensity ratio is lower in the as-grown than in the annealed sample (see figures 3 
and 4). 

3.2. MnS 

The photoluminescence of MnS polycrystals at low temperature exhibits mainly the A band, 
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Figure 4. Time-resolved emission spectra at 85 K in the as-mown MnO, showing band A at 
short delay. The excitation wavenumber is 21 030 cm-‘. Delays and gates in microseconds are 
1 and 3 (spectrum 1). 4 and 4 (specmm 2). 8 and 8 (spectrum 3), 16 and 18 (specmm 4). The 
spectra are normalized to the maximum of the B band. 

0 L 
1200 

Figure 5. The-resolved emission spectra at 6.5 K in MnS. Delays and gates in microseconds 
are 2 and 8 (specl” l), 10 and 10 (spectrum Z), 20 and 20 (spectrum 3). 39 and 44 ( s p e c ”  
4). h e t .  decay e w e s  observed at ol = 1.45 eV and f i  = 1.65 eV. 

without any time-resolution effect, except on the lower-energy wing where band B begins to 
appear at long times after the excitation (see for instance in figure 5 the spectra and decays 
recorded at 6.5 K). In contrast to the oxide samples, no sidebands are observed, and the 
decay at peak maximum ( p  on the figure) is already non-exponential at this low temperature. 
When the temperature increases the emission characteristics change drastically. Figure 6 
for instance displays the spectra observed at 55 K at 5 ps  delay, one sees essentially band 
A and after 50 ps ,  essentially B. The A emission remains just detectable below 15 ps at 
84 K (see figure 7). At this temperature, time resolution occurs within the B band. It results 
in the narrowing of the band at longer delays rather than a shift of the whole band. 
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Figure 6. Time-resolved emission spectra at 55 K in MnS. The excitation wavenumber is 
21 030 cm-', Delays and gates in microsewnds ;ue 2 and 8 (SpeCINm I), 10 and I O  (specmm 
2). 40 and 40 (specmm 3). 

Fiyrc 7. Tlme-resolved emission spectra at 84 K for MnS, showing the trace of band A at 
shon delay, The excitation wavenumber is 21 030 cm-'. Delays and gates in microseconds are 
10 and 10 (SpeCINm 1). 40  and 40 (SpCClNm Z), 78 and 156 (SpeCtNm 3). 

3.3. The temperarure dependence of lifetime in MnO and MnS 

As stated above the time dependences of the spectra are very important in MnO, mainly 
above 30 K. In this subsection will be described the temperature dependence of the emission 
decays observed at different frequencies in band A and only at the maximum of band B (the 
decays are the same for all frequencies in this band). The temperature dependences of the 
lifetimes are reported in figure 8. The decay profiles are fitted by a sum of exponentials. ~ A , C  

is the lifetime measured on the low-energy side of band A, where the decay is approximately 
single exponential. At first sight (see figures 2 and 3) the decay on the high-energy side 
of band A is a sum of two exponentials, but a very fast third component with a lifetime 
of 10 ps was added to improve the fit. The slow component was considered to be r ~ n  
previously determined and the fast component to be rAr was deduced. At low temperature, 
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t 

5 

Figure 8. The temperature dependence of the emission lifetimes in the annealed MnO (see the 
text for the definitions of the lifetimes). Full and broken curves rre added between the points 
M a guide to show the behaviours 

below 30 K, 
As shown on the curve, rA? drastically drops between 30 and SO K whereas the drop for 

rA" occurs between 50 and 90 K. Two different regimes are thus observed for the A band 
between 30 and 90 K. 

In figure 8 are also plotted the lifetimes of band B between 70 and 140 K in the range 
where measurements were possible. The decays are single exponentials and the lifetimes 
vary from 100 to about 3 ps. 

The same observations hold qualitatively for the A band in the as-grown and annealed 
MnO. The B-band decay could actually be recorded between 70 and 140 K. The profile is 
exponential; the lifetime varies from 90 p s  at 70 K to 45 ps at 100 K, then falls to 3 p s  
at 140 K. 

The time and temperature dependences in MnS are very different from those in the oxide 
samples. The A-band decay is non-exponential even at the lower temperature investigated 
(6.5 K); it may be decomposed in two exponentiai parts with r, = 45 p s  and 52 = 12 ps. 
There is no change in the decays up to 25 K. At this temperature the B emission begins 
to grow and overlaps the A emission, influencing the observed decays by introducing a 
slower third component with Q = 71 ps. The influence of the B emission increases with 
increasing temperature but the faster of the two decay components proper to band A may 
be followed from 12 ps at 35 K to 1.7 ps at 70 K. Above this temperature the A band is 
no longer detected. The luminescence decay measured on the maximum of the B band is 

and r~tt cannot be distinguished. 
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moreover composed of two exponentials, r, (71 ps) and y (17 ws). These values do not 
change between 35 and 75 K, both decrease above this temperature, reaching respectively 
14 and 4 ps at 137 K, the upper limit investigated. 

Figure 9.  The fast contribution (A‘ emission) to the spectra of annealed MOO dculated at 
four temperatures. These spectra are the computed difference (long-delay emission after pulse 
- shon-delay emisston after pulse). The numbers beside the spectra indicate the ternperarure 
(in kelvin) of the specimen. 

Figure 10. The slow contribution (A” emission) to the s p e m  of annealed MnO calcuhted at 
five temperatures. These spectm are the computed difference (long-delay emission &er pulse - shorbdelay emission after pulse). The numbers beside the spectra indicate the temperature 
(in kelvin) of the specimen. 

4. Discussion 

First the photoluminescence of MnO will be discussed. Having observed a complex time 
evolution within band A in the range 30-90 K, we have tried to put forward variations 
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in the spectral distribution that could be related to emissions with different lifetimes. At 
a given temperature, the calculated difference spectra (short-delay emission - long-delay 
emission) and reciprocally long delay - short delay give an image of the ‘pure’ short-time 
(and reciprocally long-time) emission spectra. For the subtraction of one of the spectra from 
the other, adequate weighting factors were used in order to eliminate any negative part in 
the computed difference spectra. The results of these calculations at different temperatures 
are shown in figures 9 and 10. Below 25 K and in the 55-80 K temperature range the 
time-resolution effect is not sufficient to obtain correct difference spectra. Considering the 
widths of the sidebands, their wavenumbers are estimated with 5 cm-’ accuracy. One can 
identify the short-time A’ emission made up essentially of the narrow sidebands denoted a 
(15051 cm-’, 1.866eV),c(14756cm-I, 1.829eV) andd(14539cm-’, 1.802eV)at39K, 
which decrease in intensity as the temperature rises, keeping the same energy, and leave an 
unresolved band that shifts towards lower energies when the temperature increases. For the 
long-time emission A” one identifies two narrow side bands b (14893 cm-I, 1.846 eV) and x 
(14647 cm-l, 1.815 eV) on a broader component that shifts strongly towards lower energies 
with increasing temperature, whereas the sidebands decrease in intensity, still peaking at 
;he Same energies. It is worth pointing out that actually two groups of narrow bands are 
differentiated with respect to their time evolution. The multicomponent character of the 
broad Mn2+ emission has already been observed in other compounds. Kambli e ta [  (1984) 
pointed out for RbzMnCh and Rb3MnzCl7 that at least two components with different decay 
times are present in the A emission. For the former compound Tsuboi et a1 (1992) have 
specified the temperature dependence of the lifetimes of two components. 

In a preceding paper (Mochizuki et a1 1992) the emission sidebands (a, b, c, and d) 
observed under steady-state conditions have been assigned. The attribution was based on 
the mirror relation existing between the emission and absorption data (Yokogawa et al 
1977). The sidebands a, c and d may be assigned as exciton-magnon, exciton-magnon- 
TO-phonon and exciton-magnon-Lo-phonon combinations of an exciton line (not seen). On 
the fast-emission spectra calculated between 34 and 49 K (figure 9) a weak line (a‘) also 
appears at 15251 cm-I (1.890 eV). This is not seen at temperatures below 30 K and is 
interpreted as anti-Stokes emission of the exciton-magnon combination. The energy gap 
between a’ and a is ZOO& 10 cm-I, in reasonable agreement with twice the 112 cm-’ found 
for the peak in the magnon density of states (Motizuki and Harada 1970). Considering these 
emission data, the pure exciton line is expected at 15 151 f 5 cm-’ (1.878 eV). After the 
previous work of Yokogawa etal (1977) the frequency of the exciton line measured in the 
absorption is 15532 cm-I. Considering this discrepancy we have recorded the absorption 
and emission spectra on the same spectrometer calibrated with the 15533 cm-’ line of a 
Cd discharge lamp. The energy found for the a sideband in absorption was 15 656 cm-’ 
(1.941 eV), in rather good agreement with Yokogawa’s results. This observation locates 
the pure exciton line between 15556 and 15544 cm-I, depending on the value taken for 
the magnon energy (100 or 112 c1n-I). The two spectra (emission and absorption) never 
overlap, contrarily to what has been observed in other Mn compounds (i.e. MnFz (Greene et 
a1 1968). CsMnFs (Moncorge et al 1982), EaMnF4 (Moncorge et a1 1984), RbPMnC4 and 
Rb3MnzCI7 (Kambli er al 1984). For MnO there is a shift of 390 k 10 cm-’ between the 
more accurate estimation of the absorption and emission exciton lines. The observed energy 
gap and mirror relation indicate together that there is some self-trapping of the excitons in 
MnO. 

The long-lifetime group contains sidebands b and x; the former appears more clearly 
after the difference (long- - short-delay) spectrum has been calculated. The x sideband is 
revealed by the difference and was not observed in steady-state measurements. One can 



1326 B Piriou et a/ 

assign b and x to sidebands of an exciton Line associated with an impurity. As seen in 
figures 9 and 10 the sidebands are better resolved in the short-time emission A' (figure 9) 
than in the long-time one, A" (figure 10). This is another argument in favour of an impurity- 
associated emission for A" since in this case the spin selection rules for emission will be 
relaxed. The b sideband is thought to be magnon assisted and x magnon + TO phonon 
assisted. As for the short-lifetime group, the pure exciton line was not observed. 

The variation of TA, versus T (shown in figure 8) follows the exponential gap law: 

l / r  = l /zo+Cexp(-AE/kT) (1) 

in which r~ is the low-temperature lifetime. C may be considered as the probability of 
deexcitation by thermal activation at high temperatures and A E  is the activation energy of 
the process. The parameters found for the band A' are ro = 370 ps ( l / q  = 2.7 x lo3 s-I), 
C = 5.7 x lo6 s-] and A E  - 130 cm-l. The deexcitation by a non-radiative process for 
band A' occurs via an upper level or a potential barrier lying 130 cm-' above the exciton 
line at 15 151 cm-]. 

The lifetimes of MnZt emission have been reported for several concentrated Mn systems: 
MnFz (Holloway etal 1965, Greene etal 1968), alkali Mn trifluorides (Holloway eta/  1965, 
Moncorge et Q/  1982) and RbMnC4 (Tsuboi et a1 1992). The lifetimes at low temperature 
in these compounds (up to 60 ms in RbMnF3) are much higher than our data on MnO. 
The temperature dependences of the lifetimes measured in these works follow the law (I) .  
The activation energy is generally interpreted as the difference between the first excited 
energy level of the unperturbed MnZt ions and the levels of localized traps (impurity- 
perturbed MnZt ions). Such a model is convenient to explain the fast energy transfer by 
the unlocalized free-exciton state. In the case of MnO. the value of the activation energy 
is 130 cm-', far from the 390 cm-' estimated for an impurity-induced scheme. On the 
contrary this value is close to the maximum of the one-magnon density of states (Motizuki 
and Harada 1970). A very similar observation has been reported in the case of RbzMnC4 by 
Tsuboi er al (1992) where the thermal activation cnergy for the intrinsic emission (37 cm-') 
is that OC the first phonon sideband. By comparison we then think that the A' emission is 
related to unperturbed MnZt ions. 

The lifetime of band A" seems to follow the law (1) but the drop occurs at a higher 
temperature (above 50 K) than that of A'. The fast decrease of TA' could be measured 
only on a reduced range since the band vanishes above 90 K. Thc activation energy for 
A" in this reduced temperature range seems to be of the same order as that for A'. The 
components A' and A" have the same lifetime at low temperature. The levels A' and A" 
lie at very similar energies, so it may be understood that they have the same transition 
probability at low, temperature when the thermal process does not occur. In addition to 
the sidebands, A" emission contains a broad band that shifts towards low energy as the 
temperature increases. We can assign this contribution to a multiphonon-assisted transition 
of the exciton line associated with perturbed Mn2+. 

As the temperature increases the B band increases to the detriment of bands A' and A". 
One can understand this as some excitation energy transfers from A' and A" to B, although 
no increase of the B band with time was observed on the transient emission curves. 

For the as-grown sample at a given temperature, the B/A intensity ratio is greater than 
that for the annealed sample, which corroborates that band B is associated with the Mnzt 
ion penrubed probably by the presence of Mn ions with higher valency in the as-grown 
sample. 

Let us compare the behaviour of MnS with MnO. Already at low temperature (see 
figure 5) one can take into account an excitation energy transfer from band A to band B 
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since the BIA emission ratio increases with time elapsed after the excitation pulse. The 
non-exponential decay of bands A and B at low temperature can be attributed to excitation 
energy transfer to traps in a disordered structure where the surface effects are important 
(MnS was a compressed powder sample). Along the same lines the enhancement of the B 
band (figure 6) with respect to the previous data on MnO can be understood as a relaxation 
of some selection rule in  the energy transfer process. At high temperature (figure 7) the 
B band presents a biphasic decay; the fast decay component is more important on the 
low-energy side. Thii suggests that at least two kinds of perturbed Mn2+ ion are present. 

5. Summary 

We have measured the time-resolved-photlnminescence spectra of annealed and as-grown 
MnO crystals and of MnS powder at various temperatures. The higher-energy band A 
characterized by the previous investigation of MnO luminescence under the steady-state 
regime presents a bicomponent character revealed by the time-resolved observation. Two 
emissions A' and A" were distinguished and each emission is characterized by a broad band 
and a set of narrow sidebands. We suggest that A' is the emission of unperturbed Mnz+ 
ions and A" is due to some Mn ions perturbed by impurities as in Mn halides previously 
described. The results on MnS show similarities with those on MnO, but they are affected 
by some surface effects. 

More detailed study on the non-perturbed and perturbed Mn2+ excitons is in progress 
in order to fully explain the steady-state and time-resolved spectra of MnO and MnS. 
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